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Oxygen- and dioxin-regulated gene expression in mouse hepatoma
cells. The discovery that the oxygen-regulated transcription factor HIF-lo
and the dioxin receptor AhR share the common heterodimerization
partner ARNT (HIF-1f3) raised the question whether a cross-talk between
oxygen and dioxin signal transduction pathways exists. To answer this
question we investigated an ARNT-deficient mutant cell line (HepalC4),
which has lost its capability of responding to dioxin. The results demon-
strate that the presence of ARNT is indispensable for hypoxia-inducible
HIF-1 DNA binding as well as for oxygen-regulated reporter gene activity
mediated by the EPO 3' hypoxia response element (HRE). Hypoxic
induction of the vascular endothelial growth factor (VEGF) gene, how-
ever, was only partially abrogated in HepalC4 cells, suggesting that
HIF-1-independent oxygen signaling pathways might exist. We further
studied HIF-1 and AhR/ARNT DNA binding activity as well as the
regulation of oxygen- and xenobiotic-responsive genes by treating mouse
Hepal hepatoma cells with hypoxia and/or the dioxin analogue ICZ.
Hypoxia-inducible VEGF expression was found to be independent of
ICZ-treatment, whereas ICZ-inducible cytochrome P-4501A1 expression
was slightly reduced by hypoxic treatment of the cells. Interestingly, the
enhancer function of a xenobiotic response element (XRE) linked to a
reporter gene was induced by hypoxia, but expression of a HRE-
containing reporter gene was not affected by ICZ treatment.
The hypoxia response element (HRE) present in the 3' en-
hancer of the erythropoietin (EPO) gene represents one of the
best understood models of oxygen-regulated gene expression. A
hypoxia-inducible transcription factor (HIF-l) has been charac-
terized that binds to the HRE and is believed to confer hypoxic
inducibility to EPO [11 and other oxygen-regulated genes such as
vascular endothelial growth factor (VEGF) [2, 3], glucose trans-
porter-I [41 and several glycolytic enzymes [5—7]. Biochemical
purification and subsequent cloning revealed that HIF-1 is a
heterodimer composed of two subunits termed HIF-la and
HIF-l/3 [8, 91 While HIF-lcs turned out to be a novel protein,
HIF-1p was identical to the aryl hydrocarbon receptor nuclear
translocator (ARNT). Besides HIF-la, ARNT is known to het-
erodimerize with the dioxin/aryl hydrocarbon receptor (AhR).
This complex binds to xenobiotic response elements (XRE) and
activates genes involved in the metabolism of xenobiotics such as
cytochrome P-4501A1 (CYP45OIAI) [reviewed in 10, 11]. The
AhR is a ligand-activated transcription factor which in its unli-
ganded form resides in the cytoplasm as a complex together with
two molecules of the heat shock protein (HSP) 90. Both, man-
made environmental contaminants such as dioxins and naturally
© 1997 by the International Society of Nephroiogy
occurring substances such as indolo[3,2-b]carbazole (ICZ), a
compound found in cruciferous vegetables, activate the AhR.
Following ligand binding, HSP9O is released from the AhR which
then translocates into the nucleus where it heterodimerizes with
ARNT. All of these transcription factors (HIF-la, AhR, ARNT/
HIF-1 /3) share a N-terminal basic-helix-loop-helix region followed
by a domain of homology (termed PAS), which is also found in the
Drosophila genes Per and Sim [10, 11].
The finding that HIF-la and A1iR share a common het-
erodimerization partner raised the question as to which extent
oxygen and dioxin signaling pathways overlap. To gain more
insights into this question, we explored the applicability of an
ARNT-deficient mouse hepatoma cell line (HepalC4), which has
lost its ability to respond to dioxin [12], to study oxygen-regulated
signal transduction and gene expression. We performed a series of
experiments using the two stimuli hypoxia and ICZ, either alone
or in combination, to study the response of oxygen- and dioxin-
dependent gene expression.
Methods
Hepal cells (also termed Hepalclc7) and the ARNT-deficient
subline HepalC4 [12] were cultured as described [13]. Cells were
subjected to hypoxic (1% 02) induction at 70 to 80% confluency
in 02-regulated incubators [13]. The human epitheloid carcinoma
cell line HeLaS3 (ATCC CCL-2.2), a subline of HeLa adapted to
growth in suspension, was cultured as described [14]. Hypoxic
induction was achieved by incubation in a tonometer at a cell
density of 1 X i0 cells/mi using a gas mixture of 1% 02,5% CO2
and 94% N2 [141. Where indicated, 50 nM ICZ [15] was added.
The ICZ stock solution was 10 m in DMSO but the final DMSO
concentration did not exceed 5 ppm. Immediately following
stimulation, nuclear extracts were prepared and used for electro-
phoretic mobility shift assays (EMSAs) as described previously
[16]. The oligonucleotide probes were derived from the EPO 3'
HRE [16] or the CYP45OIA1 5' XRE [17]. Alternatively, RNA
was isolated and analyzed by Northern blotting and phosphorim-
ager quantification as described [18].
Transient transfections and reporter gene assays were per-
formed as described previously [16]. Briefly, wild-type and mutant
HRE oligonucleotides derived from the EPO 3' enhancer were
inserted in triplicates downstream of the firefly luciferase reporter
gene driven by a heterologous Simian virus (SV) 40 promoter
present in the pGL3Promoter plasmid, yielding pGLEPOHRE.3
and pGLEPOHREmt.3. The pTX.Dir luciferase reporter gene
construct contains two XREs upstream of the heterologous
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Fig. 1. Hypoxia-inducible DNA binding activity is detected in Hepal but not in HepalC4 cells. A. Electrophoretic mobility shift assay (EMSA) of nuclear
extracts derived from the ARNT-positive parental Hepal cell line and from the ARNT-deficient HepalC4 subline, both cultured at 20% or 1% 02 for
four hours. An 18 bp oligonucleotide derived from the EPO 3' HRE was used as probe. B. Supershift analysis using a rabbit polyclonal antibody derived
against ARNT.
Herpes simplex virus thymidine kinase (TK) promoter [17].
Hepal and Hepal C4 cells were transiently transfected with 25 jig
of each reporter construct together with a J3-galactosidase expres-
sion vector (pCMVJ3gal) to correct for differences in cell trans-
fection and extract preparation. After splitting the cells, 50 flM
ICZ was added where indicated. Following incubation for 32
hours at 20% or 1% 02, luciferase and J3-galactosidase activities
were determined as described [16].
Results
Hypoxia induces HIF-1 DNA binding activity in Hepal but not in
HepaIC4 cells
To examine the involvement of ARNT (HIF-113) in hypoxia-
inducible gene expression, we characterized a Hepal-derived
sublinc (HepalC4) which has lost the capacity to metabolize aiyl
hydrocarbons due to functionally deficient ARNT [12]. As a
consequence, one would predict that hypoxically-induced
HepalC4 cells are also deficient in forming the heterodimeric
HIF-1 complex binding to HREs. In view that this ARNT defect
has so far been characterized only on the level of dioxin-inducible
gene expression [121, and because more than one ARNT gene is
known [19], it might well be that HepalC4 cells nevertheless are
capable of forming a functional HIF-1 complex. Therefore,
EMSAs were performed using a HIF-1-binding oligonucleotide
derived from the EPO 3' HRE as probe [16]. As shown in Figure
IA, hypoxia induced a DNA binding activity in nuclear extracts
derived from Hepal cells that migrated similarly to the HIF-1
band present in HeLa control extracts [161. In contrast, no HIF-1
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Fig. 2. Time-dependent induction of gene expression in Hepal and HepalC4 cells after exposure to hypoxia. Northern blot analysis of total RNA extracted
from ARNT-positive Hepal and ARNT-deficient HepalC4 cells following simultaneous cultivation at either 20% or 1% 02 for 2 to 16 hours. The signal
obtained with a ribosomal protein L28 probe was used to correct for differences in loading and blotting.
DNA binding activity could be detected in HepalC4 cells, while
the constitutive DNA-binding activity emanating from the tran-
scription factors ATF-1 and CREB-1 [161 remained unaffected
(Fig. IA). Polyclonal rabbit antibodies derived against ARNT
supershifted the HIF-1 band in Hepal cells, but no supershifts
could be observed in HepaIC4 cells (Fig. IB). These experiments
demonstrated that the ARNT-deficient HepalC4 cell line pro-
vides a suitable model to study oxygen-regulated gene expression
in the absence of a functional HIF-1 transcription factor.
Hypoxic induction of aldolase but not J/EGF mRNA is abolished
in ARNT-deficient HepalC4 cells
It has previously been reported that HIF-la and ARNT
steady-state mRNA levels are increased by hypoxia in Hep3B cells
in a time-dependent manner [9]. In contrast, when Hepal cells
were cultured for 2 to 16 hours in 1% 02,no significant increases
in HIF-la and ARNT steady-state mRNA levels compared to the
normoxic controls were found (Fig. 2, left). As reported elsewhere
in this issue (Wenger et al), a similar lack of hypoxic HIF-la
mRNA induction was also observed in many other cell lines,
suggesting that HIF-1 a and ARNT are hypoxically induced at the
post-mRNA level. However, following prolonged hypoxic incuba-
tion of Hepal cells (8 to 16 hr), HIF-la mRNA is rather
downregulated compared to the normoxic controls (Fig. 2).
Furthermore, neither ARNT nor AhR mRNA levels increased
significantly following exposure to low oxygen, but rather they
might be down-regulated similar to HIF-lcs. That these cells were
indeed hypoxically stimulated was confirmed by an up to a
fourfold induction of VEGF mRNA, detected as early as two
hours after beginning of the exposure, and a twofold mRNA
up-regulation of the glycolytic enzyme aldolase after 16 hours
(Fig. 2).
In HepalC4 cells, there was a drastic reduction (although not a
complete lack) of ARNT mRNA levels (Fig. 2, right). Interest-
ingly, the down-regulation of HIF-1 a mRNA observed in Hepal
cells after 8 to 16 hours of hypoxia was not observed in the parallel
HepalC4 cultures, suggesting that an oxygen-, time- and HIF-1-
dependent feedback inhibition of HIF-1 a mRNA expression
might exist. A certain variability in the HIF-1 a and AIIR mRNA
signals (which is not related to the oxygen concentration) might be
due to technical reasons: since the 02-regulated incubator would
require at least 20 minutes to reach the hypoxic 02 concentration
after opening, the different time points were performed in sepa-
rate experiments. However, the normoxic control experiment for
a single time point was always performed in parallel to the
corresponding hypoxic stimulation.
The VEGF and aldolase normoxic mRNA levels were both
reduced in HepalC4 cells when compared to Hepal wild-type cells.
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Fig. 3. Hypoxia- and ICZ-stimulated gene
expression in Hepal and HepaIC4 cells. A.
EMSA of Hepal cells exposed for four hours to
hypoxia (1% 02) and/or ICZ (50 nM). The
oligonucleotide probes used were from the
EPO 3' HRE (left) or the CYP450IA1 5' XRE
(right). B. Northern blot analysis of total RNA
extracted from cells that were treated as above.
13-Actin A -actin probe was used to correct for
differences in loading and blotting.
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Fig. 4. Hypoxia- and ICZ-aciivated reporter gene expression in (A) Hepal and (B) HepalC4 cells. Wild-type (pGLEPOHRE.3) or mutated(pGLEPOHREmt.3) HRE oligonucleotides derived from the EPO 3' enhancer were inserted 3' to the luciferase gene driven by a SV4O promoter. Copy
number and orientation are indicated. The dioxin-responsive luciferase construct pTX. Dir contained two XRE oligonucleotides derived from the
CYP45OIAI gene 5' to the TK promoter driving luciferase gene expression. Following transient transfection, Hepal and HepalC4 cells were split and
exposed to 1% 02 and/or 50 nvt ICZ. Luciferase activities were corrected for variability in transfection and extract preparation using the -galactosidase
activity derived from a co-transfected /3-galactosidase expression vector. Results were normalized to the untreated normoxic controls. Means SD of three
independent experiments are shown. Symbols are: (LII) 20% 02; () 20% °2 + DMSO -t- ICZ; (Il) 20% 02 + DMSO; (U) 1% °2; (VA) 1% 02 + DMSO
+ ICZ; (VA) 1% 02 + DMSO.
At present, we do not know whether this is a cell lineage-specific
effect occurring in HepalC4 cells, or whether HIF-1 is involved in
basal VEGF and aldolase expression. Interestingly, while there was
no aldolase mRNA induction even after 16 hours of hypoxic culture,
\TEGF mRNA levels were still slightly up-regulated (up to 2-fold).
Most likely, this observation might reflect an increase in VEGF
mRNA stability under hypoxic conditions as recently reported by
several authors [20—23]. Strikingly, this effect is independent of the
presence of a functional HIF-1 heterodimeric complex, suggesting
that an alternative pathway of oxygen signal transduction must exist.
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Fig. 5. Weak HIF-] binding to the XRE. EMSA using labeled HRE probe and increasing molar excess of unlabeled competitor oligonucleotides as
indicated. Competitor oligonucleotides corresponding to DNA binding sites of the transcription factors SP-1 and AP-2 were included as unrelated
controls.
Hypoxia- and ICZ-activated endogenous gene expression in Hepal
and HepalC4 cells
To investigate a putative cross-talk between hypoxia and dioxin
signal transduction pathways, EMSAs were performed using
Hepal cells that were treated with hypoxia and/or ICZ for four
hours. As shown in Figure 3A (left), hypoxia but not ICZ induced
HIF-1 DNA binding activity. The extent of hypoxic induction was
not affected by ICZ treatment and DMSO alone had no effect. On
the other hand, ICZ but not hypoxia induced AhR/ARNT DNA
binding activity. However, ICZ induction is slightly reduced when
performed in hypoxic conditions (Fig. 3A, right)
We also determined mRNA expression levels of the hypoxia-
regulated VEGF gene as well as TCZ-regulated CYP45OIA1, the
latter representing one of the major targets of the dioxin-activated
AhR-ARNT heterodimeric transcription factor. Phosphorimager
quantification of the Northern blot shown in Figure 3B revealed
that four hours of treatment with ICZ did not diminish hypoxic
VEGF up-regulation when compared to the f3-actin control
hybridization. On the other hand, addition of ICZ strongly
(11-fold) induced CYP450IA1 mRNA levels in Hepal cells,
whereas there was no signal detectable in ARNT-deficient
HepalC4 cells. This induction was slightly reduced (30%) when
the ICZ-exposed cells were cultured at 1% 02. Thus, both EMSA
and Northern blotting experiments indicate that ICZ induction is
somewhat diminished by simultaneous hypoxia, suggesting that
the availability of ARNT for XRE binding might be limited under
conditions of reduced oxygen concentrations.
Hypoxia- and ICZ-activated reporter gene expression in Hepal and
HepaIC4 cells
Since regulation of endogenous gene expression is affected by
several different stimuli in parallel, it is often very difficult to
dissect the sum of these stimuli (measured here as steady-state
mRNA levels) and to assign the contribution of every different
stimulus to this sum. To circumvent this problem, the functional
activity of the HRE and XRE oligonucleotides used for EMSA
(Fig. 3A) were tested following coupling them to the firefly
luciferase gene driven by heterologous promoters (Fig. 4). These
plasmids were transfected into Hepal and HepalC4 cells which
were subsequently induced by hypoxia and/or ICZ for 32 hours.
As shown in Figure 4, the pGLEPOHRE.3 construct, containing
three concatamerized copies of the HIF-1 binding site [16], was
induced by hypoxia about twofold, whereas the empty vector
(pGL3Promoter) and the pGLEPOHREmt.3 control construct
containing three mutated copies of the HIF-1 binding site [161
were not significantly induced. ICZ neither influenced basal nor
hypoxia-induced HIF-1-mediated luciferase expression in Hepal
cells. On the other hand, ICZ markedly induced (about 4-fold)
reporter gene expression from a plasmid containing two XRE
sites (pTX.Dir) [171. Interestingly, luciferase activity of this con-
struct was also slightly induced by hypoxia, implying that the XRE
might be hypoxia-responsive. The effects of ICZ and hypoxia were
additive, and DMSO alone had no effect. In the absence of a
XRE, the TK promoter was neither responsive to hypoxia nor to
ICZ (data not shown). Similar observations to those in Hepal
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cells were made in HeLa cells (data not shown), with the
exception that the pGLEPOHRE.3 was sixfold induced by hyp-
oxia [161.
In the ARNT-deficient HepalC4 cell line, neither hypoxia nor
ICZ were able to significantly increase luciferase expression,
consistent with the indispensable role of ARNT in both pathways.
Interestingly, however, the luciferase activity emanating from
pGLEPOHRE.3 was down-regulated after hypoxic exposure by
about 50%, while the luciferase activity derived from the other
constructs remained unaffected (Fig. 4). In accordance with a
model we proposed previously [16], a decrease in basal luciferase
expression might be explained by a hypoxia-dependent down-
regulation of ATF-i and CREB-l activity, known to bind the
HIF-1 DNA recognition site, which cannot be compensated by a
HIF-l complex in this ARNT-deficient hepatoma cell line.
Weak affinity of HIF-1 for the XRE
The results presented above imply that HJF-1 mediates hypoxic
reporter gene induction not only via HRE binding but also via
XRE binding. To test this hypothesis directly, EMSAs were
performed using labeled HRE oligonucleotide probes and in-
creasing amounts of cold competitor oligonucleotides. As shown
in Figure 5, homologous competition of HIF-1 DNA binding
started with a 100-fold molar excess of cold HRE oligonucleo-
tides. Interestingly, while unrelated SP1 and AP2 oligonucleotides
did not compete for HIF-1 DNA binding even at a 500-fold molar
excess, XRE oligonucleotides abolished HIF-1 (as well as consti-
tutive) DNA binding at this concentration, indicating a certain
binding affinity of HIF-1 for the XRE site. However, while a
mutated HRE [16] completely lost the ability to compete for
HIF-1 DNA binding to the HRE probe, a similar mutation (that
is, replacement of the core CGT by AAA) in the XRE oligonu-
cleotide did not reduce the competition efficacy. Since on the
other hand this mutation completely abrogated ICZ-inducible
AhR/ARNT binding (data not shown), we conclude that HIF-1
binding to the XRE probe, which may account for hypoxic
reporter gene induction via the XRE, is of a weak and partially
unspecific nature. This might probably also explain why a reporter
gene containing XREs, hut not the endogenous CYP45OIA1
mRNA, was up-regulated by hypoxia.
Conclusions
In Figure 6, a scheme is presented summarizing our current
knowledge of hypoxia and dioxin signal transduction pathways.
The AhRIHSP9O complex in the cytoplasm is disrupted following
dioxin (or other aryl hydrocarbons) binding. After translocation to
the nucleus, the AhR/ARNT complex is formed that binds to
XREs and activates gene expression. Both AhR and ARNT are
phosphorylated [10, 11]. Much less is known about HIF-1 activa-
tion. We have previously shown that HIF-la binds with high
affinity to HSP9O in vitro [24], suggesting that a cytoplasmatic
HIF-la/HSP9O complex similar to the AhR/HSP9O complex
might exist in vivo. Following sensing changes in 02 concentra-
tions by an as yet to be defined 02 sensor, HIF-la is activated,
[HsP9o1
Fig. 6. Hypoxia and dioxin activated signal transduction pathways.
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translocated to the nucleus and forms a heterodimer with ARNT.
This complex activates gene expression via HRE binding. However,
at least in vitro, the transcription factors ATF-1 and CREB-1 also
bind the HIF-1 binding site but might be replaced by HIF-1c/ARNT
complexes formed after hypoxic induction [16]. Dc novo translation,
phosphorylation and redox processes seem to be involved in hypoxic
HIF-la and probably also ARNT activation [9, 25, 26], but the
particular role of each of these factors still remains to be clarified.
With regard to the dual role of ARNT, we examined possible
cross-talks between the two signal transduction pathways. As
outlined in this report, these two pathways seem to be largely
separated from each other, though some overlaps may exist. The
slight hypoxic reduction of ICZ-induced AIiRIARNT DNA bind-
ing activity and of ICZ-activated CYP45OIAI mRNA expression
might be due to the limited availability of ARNT for heterodimer-
ization with AhR. Indeed, we recently found that the in vitro affinity
of ARNT for HIF-la was higher than that for AhR, and that CoCl2
(which mimicks hypoxia) reduced ICZ-dependent reporter gene
expression [24]. Thus, hypoxia- and dioxin-activated signaling path-
ways might be influenced by each other, but the physiological
relevance has to be established first by in vivo experiments.
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